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Abstract 
This paper presents selected results of research in the field of grinding cemented carbide with the use of diamond grinding wheels. In the 
fundamental experiments two different types of diamond grinding wheels were used. The diamond grinding wheels were varied by bonding 
material. In the investigation,  response surface method was used to predict grinding force components during grinding of the ductile cemented 
carbide CTS20D workpiece material. The grinding speed, depth of cut and feed rate were considered as input process parameters. Furthermore, 
the ANOVA (analysis of variance) was employed for checking the developed model results. The results revealed that grinding with the use of 
resin bond grinding wheel provides significantly lower grinding force components during the process. Moreover, the significance of models 
terms was determined. It was shown that for the adapted range of process parameters, grinding speed has significant effects only on tangential 
force for resign bond diamond grinding wheel. 
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1. Introduction 
Cemented carbides are commonly used in cutting tool industry due to their excellent mechanical properties at high 
temperature, such as high stability, corrosion resistance, high strength and hardness. They are distinguished by various material 
properties like high toughness, bending strength and Young’s modulus because of their numerous possible variants. Cutting and 
grinding of cemented carbide is very problematic due to the high level of hardening carbide components within [1]. The growing 
demands in the field of precision tools have led to the develop of good quality grade line with adapted binder compositions, 
which convincingly demonstrate good toughness and heat resistance. 
 
Nomenclature 
Ft         tangential grinding force (N) 
Fn         normal grinding force (N) 
vs         grinding speed (m/s) 
ae depth of cut (mm) 
f feed rate (mm/min) 
RSM response surface method 
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The machining of difficult-to-cut materials such as titanium based alloys with use of geometrically defined edges remains a 
constant challenge in terms of achievable material removal rates or tool life. Cemented carbides with submicron grade are 
extensively used for the universal machining of alloyed and non-alloyed steels, titanium alloys and nickel-based alloys and they 
offer high toughness and ensures a reduced risk of ruptures on the cutting edges. 
Cutting tools are typically created using grinding. Grinding of cemented carbides with the use of diamond grinding wheels is 
well established as a primary process used to achieve a particular tool geometry with close tolerances prescribed by its design 
[2]. The quality of a cutting edge is primarily dependent on the process of the flute grinding operation but a subsequent flank face 
grinding with fine grained grinding wheels prevents excessive edge deterioration. The tool grinding process has a significant 
impact on the tool performance which is why a balance between the tool grinding productivity and the aimed tool life needs to be 
established [3] 
The choice of grinding parameters depends on the type of grinding wheel, the properties of cemented carbide and adopted 
kinematics of the process. Cooling is also important in the grinding process. Here it should be noted that the cutting speed 
determines the rotational motion and therefore influences the ejection of cutting fluid from the grinding wheel [4]. Grinding of 
submicron-grade WC-Co with good lubrication exhibits peculiar ‘size effect’ behavior more similar to brittle materials. Higher 
wheel speeds can be detrimental if the coolant velocity is also not increased. Grinding WC-Co at low aggressiveness values leads 
to temperature-induced resin deterioration [5] 
Studies in the field of grinding of cemented carbide have been focused on the modeling of the grinding process [6], [7] and 
surface integrity [2], [8] which is particularly connected with surface and subsurface damages. These damage forms are all 
closely related to the material removal mechanism [9]. 
A detailed knowledge in the field of grinding parameters, the grinding wheel topography [10] and bond material [11] would 
enable improved control of the grinding process. It is particularly important for ensuring efficient production of cutting tools by 
grinding using diamond grinding wheels. 
The aim of the study was to determine the influence of the bond material and the process parameters on tangential and normal 
grinding force during the grinding of submicron-grade cemented carbide. 
2. Experiment details 
2.1. Test stand 
Experimental tests to investigate the grinding force components are carried out on G+H FS 640 Z plane grinder (Fig. 1). This 
machine allows a maximum grinding speed 40 m/s and maximum power 7 kW.  
 
Fig. 1. View of test stand. 
For the measurement of the normal and tangential grinding forces Kistler dynamometer type 9121 were mounted on the 
grinder table. Samples were clamp in the dynamometer. 
2.2. Design of experiment 
Obtaining the appropriate functional dependencies between the effects of the grinding process (including surface roughness, 
grinding force components) and adjustable parameters (grinding speed, feed rate, depth of cut) usually requires a large number of 
tests for different configuration of grinding tool-workpiece. A large number of experimental studies significantly increases the 
cost and scope of the experiment which is of particular importance in relation to difficult to cut materials. The solution in this 
field may be mathematical and statistical tools for the design of the experiment [12] 
Among conventional techniques that allow modeling and optimization of machining and grinding processes, the response 
surface method (RSM) takes priority. There is a lot of research in the field of machining and grinding in which the researchers 
use the RSM method. In the design of experiment the RSM method was used – rotatable central composite design (CCD). The 
analysis of the results was performed using the Design-Expert 8.0.7 software. 
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2.3. Grinding conditions 
Experimental tests were carried out with use of cemented carbide CTS20D. This type of cemented carbide is submicron grade 
for the universal machining of alloyed and non-alloyed steels, titanium alloys and nickel-based alloys. Good toughness ensures a 
reduced risk of ruptures on the cutting edges.  
Table. 1. Specification of cemented carbide CTS20D 
Parameter Value 
Tungsten Carbide 90% 
Cobalt 10% 
Hardness (HRA) 91.9 
Hardness (Vickers) 1600 
TRS - Transverse Rupture Strength (PSI)  580.100 
Fracture toughness (MPa·m1/2) 10.4 
Density (g/cm3) 14.38 
Grain Size (μm) submicron 0.8 
ISO Range:  K20-K40 
 
Tested diamond grinding wheel: 
x 3A1 FI 250-6/3 D91 K75 - resin bond,   
x 3A1 FI 250-6/5 D91 K75 - metal bond.  
The range of grinding parameters adopted for research for each levels are summarized in the table 2. 
Table. 2. The range of grinding parameters for tests 
Coded value of levels -1,68 -1 0 +1 +1,68 
Grinding speed 
vs [m/min] 
21,27 24 28 32 34,73 
Depth of cut 
ae [mm] 
0,013 0,04 0,08 0,12 0,147 
Feed rate 
f [mm/tooth] 
63 200 400 600 736 
 
Width of grinding wheels was constant and equal 6 mm. 
3. Results and discussion 
3.1. Grinding force components for resin bonded grinding wheels 
The results of the research of the components of the grinding force for the various adjustable parameters of the process are 
shown in table 3. 
Table. 3. The results of the components of the total grinding force for each run for the resin bonded grinding wheel  
  Factor 1 Factor 2 Factor 3 Response 1 Response 2 
Std Run A: Grinding speed vs B: Depth of cut ae C: Feed rate Normal force Fn Tangential force Ft 
  (m/s) (mm) (mm/min) (N) (N) 
1 6 24 0,04 200 73 23 
2 11 32 0,04 200 72 18 
3 8 24 0,12 200 152 50 
4 9 32 0,12 200 134 38 
5 15 24 0,04 600 134 43 
6 18 32 0,04 600 126 36 
7 13 24 0,12 600 245 89 
8 10 32 0,12 600 215 70 
9 17 21,27 0,08 400 142 51 
10 16 34,73 0,08 400 140 41 
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11 12 28 0,0127 400 55 14 
12 4 28 0,1473 400 215 74 
13 19 28 0,08 63,64 76 25 
14 5 28 0,08 736,35 198 65 
15 14 28 0,08 400 149 48 
16 3 28 0,08 400 152 49 
17 1 28 0,08 400 154 52 
18 7 28 0,08 400 152 50 
19 20 28 0,08 400 149 49 
20 2 28 0,08 400 153 51 
  
 
In order to evaluate whether the model fits the experimental data, the analysis of variance (ANOVA) for the adopted the 
modified 2FI model was conducted as shown in Table 4. This analysis showed a significant influence of depth of cut and feed 
rate on the Fn components of grinding force. 
Table. 4. The results of ANOVA for Fn components of grinding force 
 Sum of  Mean F p-value 
Source Squares df Square Value Prob > F 
Model 45571,33 3 15190,44 178,3348 < 0.0001 
  B-Depth of cut 27254,15 1 27254,15 319,962 < 0.0001 
  C-Feed rate 17882,05 1 17882,05 209,9342 < 0.0001 
  BC 435,125 1 435,125 5,10834 0.0381 
Residual 1362,869 16 85,17934   
Lack of Fit 1341,369 11 121,9427 28,35876 0.0009 
Pure Error 21,5 5 4,3   
Cor Total 46934,2 19    
 
Statistical parameters for the adopted 2FI model are presented in Table 5. 
Table. 5. Statistical parameters of the quality of the fit of the model 
R-Squared Adj R-Squared Pred R-Squared Adeq Precision 
0,970962 0,965518 0,947518 39,57961 
 
The value of R2 is close to 0.971. It implies the mathematic model has an excellent explanation of the experimental data. 
Adjusted R2 value of 0.965 which can eliminate the effects of the number of independent variables in modelling and the 
Predicted R2 of 0.947 is in reasonable agreement with it. 
Using the experimental data and the corresponding results listed in Tables 3-5, the mathematic model of the normal 
component Fn of total grinding force can be obtained in this study. The equation of the fitted model for grinding force Fn can be 
expressed as equation (1) in terms of actual value.  
 
ܨ௡ ൌ ͳʹǡͲͺͶ ൅ ͹ͶͺǡͲ͸Ͷ ή ܽ௘ ൅ ͲǡͳͲ͹ ή ݂ ൅ Ͳǡͻʹʹ ή ܽ௘ ή ݂        (1) 
 
The Fig. 2 shows a graphical representation of the equation (1) as a function of grinding force Fn of the depth of grinding and 
feed rate. 
 
For tangential grinding force the ANOVA analysis for the adopted modified 2FI model was conducted as shown in Table 4. 
This analysis showed a significant influence of grinding speed, depth of cut and feed rate on this components of grinding force. 
Table. 6. The results of ANOVA for Ft components of grinding force 
 Sum of  Mean F p-value 
Source Squares df Square Value Prob > F 
Model 6476,66 4 1619,165 123,5752 < 0.0001 
  A-Grinding speed 262,0065 1 262,0065 19,99642 0.0004 
  B-Depth of cut 3803,355 1 3803,355 290,2733 < 0.0001 
  C-Feed rate 2275,174 1 2275,174 173,642 < 0.0001 
  BC 136,125 1 136,125 10,3891 0.0057 
Residual 196,54 15 13,10267   
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Lack of Fit 185,7067 10 18,57067 8,571079 0.0143 
Pure Error 10,83333 5 2,166667   
Cor Total 6673,2 19    
 
Fig. 2. The effect of the feed rate and depth of cut on the normal force component during the grinding of cemented carbide CTS20D with resin bond diamond 
grinding wheel  
Statistical parameters for the adopted 2FI model are presented in Table 5. 
Table. 7. Statistical parameters of the quality of the fit of the model  
R-Squared Adj R-Squared Pred R-Squared Adeq Precision 
0,970548 0,962694 0,942255 37,54437 
 
The value of R2 of implies the mathematic model has an excellent explanation of the experimental data. Using the 
experimental data and the corresponding results listed in Tables 3, 6-7 the mathematic model of the tangential component Ft of 
total grinding force can be obtained in this study. The equation of the fitted model for grinding force Ft can be expressed as 
equation (2) in terms of actual value.  
 
ܨ௧ ൌ ͵Ͷǡ͹͸ͻ െ ͳǡͲͻͷ ή ݒ௦ ൅ ʹͳͲǡͻͷͶ ή ܽ௘ ൅ ͲǡͲʹ͵ʹ ή ݂ ൅ Ͳǡͷͳ͸ ή ܽ௘ ή ݂       (2) 
 
The Fig. 3 shows a graphical representation of the equation (2) as the relationship of tangential grinding force to the depth of 
grinding and feed rate. 
 
Fig. 3. The effect of the feed rate and depth of cut on the tangential force component during the grinding of cemented carbide CTS20D with resin bond diamond 
grinding wheel for grinding speed (a) 24 m/s and (b) 32 m/s 
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3.2. Grinding force components for metal bonded grinding wheels 
The results of the tests of the components of the grinding force for the various adjustable parameters of the process for  the 
metal bonded grinding wheel are shown in table 8. 
Table. 8. The results of the components of the total grinding force for each run for the metal metal grinding wheel  
  Factor 1 Factor 2 Factor 3 Response 1 Response 2 
Std Run A: Grinding speed vs B: Depth of cut ae C: Feed rate Normal force Fn Tangential force Ft 
  (m/s) (mm) (mm/min) (N) (N) 
1 6 24 0,04 200 100 28 
2 11 32 0,04 200 117 31 
3 8 24 0,12 200 200 59 
4 9 32 0,12 200 205 56 
5 15 24 0,04 600 212 62 
6 18 32 0,04 600 212 61 
7 13 24 0,12 600 359 117 
8 10 32 0,12 600 336 105 
9 17 21,27 0,08 400 173 52 
10 16 34,73 0,08 400 230 64 
11 12 28 0,0127 400 97 26 
12 4 28 0,1473 400 319 96 
13 19 28 0,08 63,64 110 32 
14 5 28 0,08 736,35 310 95 
15 14 28 0,08 400 236 67 
16 3 28 0,08 400 230 64 
17 1 28 0,08 400 229 65 
18 7 28 0,08 400 243 69 
19 20 28 0,08 400 239 69 
20 2 28 0,08 400 228 65 
  
 
In order to evaluate whether the model fits the experimental data, the analysis of variance (ANOVA) for the adopted the 
reduced linear model was conducted as shown in Table 9. This analysis showed a significant influence of depth of cut and feed 
rate on the Fn components of grinding force. 
Table. 9. The results of ANOVA for response surface reduced linear model of Fn components of grinding force 
 Sum of  Mean F p-value 
Source Squares df Square Value Prob > F 
Model 1.016E+005 2 50791.58 149.53 < 0.0001 
  B-Depth of cut 50730.56 1 50730.56 149.35 < 0.0001 
  C-Feed rate 50852.60 1 50852.60 149.71 < 0.0001 
Residual 5774.59 17 339.68   
Lack of Fit 5587.76 12 465.65 12.46 0.0059 
Pure Error 186.83 5 37.37   
Cor Total 1.074E+005 19    
 
Statistical parameters for the adopted linear model are presented in Table 10. 
Table. 10. Statistical parameters of the quality of the fit of the model 
R-Squared Adj R-Squared Pred R-Squared Adeq Precision 
0,946212 0,939884 0,930771 34,17421 
 
The values of “R-Squared” parameters implies the mathematic model has a very good explanation of the experimental data. 
"Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  The value of 39.008 indicates an 
adequate signal. This model can be used to navigate the design space. 
Using the experimental data and the corresponding results listed in Tables 8-10, the mathematic model of the normal 
component Fn of total grinding force can be obtained in this study. The equation of the fitted model for grinding force Fn can be 
expressed as equation (3) in terms of actual value.  
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ܨ௡ ൌ ͳʹǡͲͺͶ ൅ ͹ͶͺǡͲ͸Ͷ ή ܽ௘ ൅ ͲǡͳͲ͹ ή ݂ ൅ Ͳǡͻʹʹ ή ܽ௘ ή ݂        (3) 
 
The Fig. 4 shows a graphical representation of the equation (3) as a function of grinding force Fn of the depth of grinding and 
feed rate. 
 
Fig. 4. The effect of the feed rate and depth of cut on the normal force component during the grinding of cemented carbide CTS20D with metal bond diamond 
grinding wheel  
For tangential grinding force the ANOVA analysis for the adopted reduced 2FI model was conducted as shown in Table 10. 
This analysis showed a significant influence of grinding speed, depth of cut and feed rate on this components of grinding force. 
Table. 11. The results of ANOVA for response surface reduced 2FI model of Ft components of grinding force 
 Sum of  Mean F p-value 
Source Squares df Square Value Prob > F 
Model 11293.86 3 3764.62 176.80 < 0.0001 
  B-Depth of cut 5446.29 1 5446.29 255.78 < 0.0001 
  C-Feed rate 5616.44 1 5616.44 263.77 < 0.0001 
  BC 231.13 1 231.13 10.85 0.0046 
Residual 340.69 16 21.29   
Lack of Fit 317.19 11 28.84 6.14 0.0289 
Pure Error 23.50 5 4.70   
Cor Total 11634.55 19    
 
Statistical parameters for the adopted 2FI model are presented in Table 11. 
Table. 12. Statistical parameters of the quality of the fit of the model  
R-Squared Adj R-Squared Pred R-Squared Adeq Precision 
0,970717 0,965227 0,956265 39,00786 
 
The R2 value of 0,97 implies the mathematic model of tangential force has an excellent explanation for the experimental data. 
Adjusted R2 value of 0,965 which can eliminate the effects of the number of independent variables in modelling and the 
Predicted R2 of 0.956 is in reasonable agreement with it. Using the experimental data and the corresponding results listed in 
Tables 8, 11-12 the mathematic model of the tangential component Ft of total grinding force can be obtained in this study. The 
equation of the fitted model for grinding force Ft can be expressed as equation (4) in terms of actual value.  
 
ܨ௧ ൌ ͷǡͳͷͳͶ ൅ ʹ͵ͲǡͶͻ͸ ή ܽ௘ ൅ ͲǡͲͶ͹͸ ή ݂ ൅ Ͳǡ͸͹ͳ ή ܽ௘ ή ݂        (4) 
 
The Fig. 5 shows a graphical representation of the equation (4) as the relationship of tangential grinding force to the depth of 
grinding and feed rate. 
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Fig. 5. The effect of the feed rate and depth of cut on the tangential force component during the grinding of cemented carbide CTS20D with metal bond diamond 
grinding wheel 
4. Conclusions 
In this research the effect of bond type and process parameters on normal and tangential grinding forces in the grinding of 
cemented carbide has been studied using RSM method. The range of process parameters for grinding the cemented carbide 
CTS20D was achieved. Also, the mathematical models were effectively established to predict and optimize the grinding force 
components. Furthermore, the ANOVA analysis revealed that the models can be successfully applied for prediction of normal 
and tangential grinding forces.  
The grinding speed, depth of cut and feed rate were considered as input process parameters. The results revealed that grinding 
with the use of resin bond grinding wheel provides significantly lower grinding force components during the process.  
Moreover, the significance of models terms was determined. It was shown that for the adapted range of process parameters, 
grinding speed has significant effects only on tangential force for resign bond diamond grinding wheel 
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